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The H++D2�v=0, j=0�→HD+D+ reaction has been theoretically investigated by means of a time
independent exact quantum mechanical approach, a quantum wave packet calculation within an
adiabatic centrifugal sudden approximation, a statistical quantum model, and a quasiclassical
trajectory calculation. Besides reaction probabilities as a function of collision energy at different
values of the total angular momentum, J, special emphasis has been made at two specific collision
energies, 0.1 and 0.524 eV. The occurrence of distinctive dynamical behavior at these two energies
is analyzed in some detail. An extensive comparison with previous experimental measurements on
the Rydberg H atom with D2 molecules has been carried out at the higher collision energy. In
particular, the present theoretical results have been employed to perform simulations of the
experimental kinetic energy spectra. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2812555�

I. INTRODUCTION

In recent experimental works,1,2 the dynamics of the
H*�n�+D2→HD+D*�n� reaction was investigated in detail.
It was found that this process, in which the hydrogen atom is
in a highly excited Rydberg state with n�45–50, presents
strong similarities to the ion-diatom H++D2→HD+D+ reac-
tion. In particular, the rotationally resolved product distribu-
tions for the Rydberg-atom reaction was in a good agreement
with that obtained at a single scattering angle for the ion-
atom reactive collision. The equivalence between both pro-
cesses could be explained considering that the electron of the
Rydberg atom effectively behaves as a spectator, in such a
way that, during the collision, the hydrogen atom participates
in essence as an ion. One of the main implications of these
findings is that Rydberg H-atom translational spectroscopy
can be a practical alternative to investigate ion-molecule re-
active processes.

Quasiclassical trajectory �QCT� calculations on the H+

+D2→HD+D+ reaction revealed, however, that the experi-
mental differential cross section �DCS� obtained for the
Rydberg-atom reaction exhibited some asymmetry in the

forward-backward scattering directions, which was not seen
in the theoretical distribution.3 Quite recently, Hayes and
Skodje4 have attributed these qualitative differences between
both processes to effects due to some dynamics of the Ryd-
berg electron. Since only product Rydberg atoms with n
�20 are detected in the experiment, and the H atom is
pumped to a highly excited Rydberg state �n=50� before the
collision takes place, losses of experimental signal can be
interpreted as an indication of either relaxation or ionization
phenomena of the Rydberg atom. The authors of Ref. 4 con-
cluded that at least part of the asymmetry found in the mea-
sured DCSs could be due to some angle dependent attenua-
tion of the signal detected on the experiments.

The potential energy surface �PES� corresponding to H3
+

exhibits a crossing between the energy curves of the elec-
tronic states correlating to H++H2 and H2

++H at about
1.6 eV above the H2 well. A large deal of work has addressed
the dynamics of the ion-diatom reactions for the different
isotopic variants of this system at energies far above this
crossing, studying thus the competition among the possible
reaction pathways: �i� the reactive noncharge transfer
�RNCT� channel or atomic-ion formation, in which the
charge remains at the atom; �ii� the nonreactive charge trans-
fer channel, in which the process leads to the migration of
the charge from the ion to the diatom; and �iii� the reactive
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charge transfer channel, in which the charge ends in the
product diatom after a charge transfer plus rearrangement
process.

Most of these previous studies have been carried out by
means of trajectory calculations5–15 or quantum mechanical
�QM� calculations at zero total angular momentum
�J=0�.13,15,16 Marković and Billing17 employed a semiclassi-
cal wave packet method to calculate cross sections for the
nonadiabatic D++H2 reaction under a coplanar approxima-
tion which neglects the Coriolis coupling terms. One of the
main reasons for these limitations is the existence of a deep
potential well �about 4.3 eV�, which complicates the appli-
cation of exact quantum mechanical �EQM� methods to
study the dynamics of these systems. In fact, only recently
results from EQM calculations have been reported for the
D++H2 �Ref. 18� and H++D2 �Ref. 19� reactions. For the
low energy regime �Ec�1.6 eV�, below the electronic curve
crossing, at which the RNCT channel constitutes the only
reaction pathway and nonadiabatic effects can be discarded,
a quantum wave packet �QWP� approach and a time inde-
pendent �TI� EQM method were employed to tackle the
study of the H++D2,20 D++H2,20 and H++H2 �Ref. 21� reac-
tions.

Much has been reported about the dynamics of the dif-
ferent isotopic variants of the ion-diatom collisions associ-
ated to the H3

+ system. It has been proposed that this sort of
collisions may be mediated by the formation of an interme-
diate complex, specially in the low energy regime. This
mechanism is certainly consistent, in principle, with the
above mentioned potential well and the absence of any bar-
rier at the entrance channel. However, initial suggestions in
this sense regarding the D++H2 process22 seemed not to be
unquestionably corroborated in subsequent studies for some
other isotopic analogs.23,24 Holliday et al.25 concluded from
the energy distributions of product and reactant ions that de-
spite the collisions could be interpreted as result of a “com-
plex formation” at relatively low collision energies and “di-
rect reaction” at higher energies for the RNCT processes, a
complete description in terms of a competition between these
two reaction pathways is shown to be an oversimplification.
This apparent transition from one dynamical mechanism to
the other was also suggested in different trajectory
calculations.6–9,11,26 Thus, the complex-formation cross sec-
tions for the D++D2,11,26 D++H2,11,26 H++H2,9,11 and H+

+D2 reactions7,11,26 were found to decrease rapidly as the
collision energy increases.11 In addition, lifetimes of the in-
termediate complexes also shortened when the energy was
augmented.7

This dynamical picture for the ion-diatom H3
+ collisions

would explain the use of statistical techniques in previous
occasions. Takayanagi et al.13 found that cumulative reaction
probabilities for J=0 for the RNCT D++H2→DH+H+ reac-
tion could be reproduced fairly well by means of a statistical
estimation based on the effective number of available states
below 2.1 eV total energy. The authors interpreted the large
number of resonances existing in the reaction probability as
an indication of absence of direct reaction in that energy
range. A similar analysis on the DH2

+ system for J=0 �Ref.
16� revealed that the statistical prediction also gives a good

estimate of the total cumulative reaction probabilities for the
H++HD→H2+D+ process, the only purely adiabatic reac-
tion of the system, whereas the other possible collisions in-
volving two H atoms and one D atom, which imply nonadia-
batic transitions, exhibited significant deviations from a
statistical behavior. In particular, since the rearrangements of
atoms can proceed only through the lower PES �because of
the high barrier existing at the upper PES�, reaction prob-
abilities for the other RNCT collision studied in Ref. 16,
namely, H+HD+→H2

++D, with a nonadiabatic transition in
both reactants and product channels, were clearly not repro-
duced by the statistical approach.

The rotational distributions for the HD�v�=0, j�� frag-
ments obtained in the experiments on the Rydberg-atom
H*+D2 reaction by Wrede et al.2 at the collision energy of
Ec=0.53 eV displayed a roughly statistical profile. In par-
ticular, the relative rotational HD populations extracted from
the kinetic energy spectra �KES� measured at two different
laboratory scattering angles ��lab=7.5° and 15°� were com-
pared with prior distributions and the agreement achieved
was in general good. Although pronounced deviations from
the statistical predictions were evident for some of the higher
rotational levels �as j�=8�, the HD product states were
mainly statistically populated. DCSs calculated by means of
a statistical quantum method,27,28 �SQM� for the correspond-
ing ion-diatom reaction, H++D2, at Ec=0.524 eV, were also
found in good agreement20 with the measured distributions
of Ref. 1, in the angular range covered by the experiment.

More recently, on a study on the H++H2 reaction at Ec

=0.44 eV performed by some of us,21 the same SQM ap-
proach yielded results in good agreement with reaction prob-
abilities, integral cross sections �ICSs�, and DCSs obtained
with an EQM calculation. The only relevant discrepancies
with the exact results were found at the state-to-state level
for some DCSs and for opacity functions corresponding to
transitions to high product rotational states, H2�v�=0, j�
�4�, for which the SQM predictions end at much lower
values of J than both the exact and QCT probabilities. It has
been shown recently,29 however, that the origin of the dis-
crepancies is the use of the centrifugal sudden �CS� approxi-
mation in the application of the SQM. The differences with
the exact results disappear almost completely when the rig-
orous coupled-channel �CC� version of the statistical model
is used. Also in accord with this possible transition from a
complex-forming dynamics to a predominantly direct impul-
sive reaction pathway as the collision energy increases is the
failure of a phase-space theory approach to reproduce mo-
lecular beam experiment cross sections at relative energies
above 2 eV.6 The statistical results were found to yield cross
sections in clear disagreement in both absolute and relative
senses in comparison with QCT and experimental results.
Moreover, the product branching ratios were not correct.

One of the most intriguing results from our previous
study on the H++H2 reaction is the apparent limitations of
the QCT approach to provide a good description of the dy-
namics for high values of the total angular momentum. The
opacity function or reaction probability in terms of J at Ec

=0.44 eV shows that the QCT values remain clearly below
the EQM result as total angular momentum increases. In ad-
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dition, the trajectory approach fails to reproduce the ex-
tremely peaked profile of the exact DCSs at the forward ��
�0° � and backward ���180° � scattering directions. Inter-
estingly, the application of a recently developed QCT version
of the SQM model of Refs. 27 and 28 has revealed that
differences between results produced with both statistical ap-
proaches for the H++H2 and H++D2 reactions are, on the
contrary, negligible.29,30 Considering the good description of
the EQM results achieved by the SQM model for the H+

+H2 process,21 it is then possible to conclude that QCT-
based methods can also be capable to explain the dynamical
mechanisms of these ion-diatom collisions. The origin of the
previously mentioned deficiencies of the QCT approach
should not be therefore necessarily attributed to the existence
of purely QM effects in the process.

Although the explicit inclusion of parity
conservation29–32 certainly solves the issue of the forward/
backward peaks of the DCSs, the opacity functions obtained
by means of the version of the statistical quasiclassical tra-
jectory �SQCT� model when ignoring such parity conserva-
tion effects for both the H++H2 and H++D2 reactions do not
deviate excessively from the SQM prediction, in clear dis-
agreement with the usual QCT approach. In that sense, it is
interesting to indicate the differences of up to 40% found
between trajectory calculations and the Rice-Ramsperger-
Kassel-Marcus �RRKM� predictions for the unimolecular de-
composition of the HD2

+ system.33 Authors of Ref. 33 ob-
served that the magnitude and the sign of the discrepancy
strongly depend on the value of J. RRKM and trajectory
estimates for the mean lifetime of the complex were brought
into accord by means of a correction factor to the statistical
formula to account for direct trajectories.

In the present work, we have carried out a comprehen-
sive study of the H++D2�v=0, j=0�→HD+D+ reaction dy-
namics by means of TI EQM and QWP approaches on the ab
initio PES of Aguado et al.34 As in our previous paper on the
isotopic variant H++H2�v=0, j=0�, results obtained with
these QM calculations are compared with SQM and QCT
predictions. Comparisons with the experiments of Dai et al.1

and Wrede et al.2 on the Rydberg H-atom reaction with D2

molecules at Ec�0.53 eV collision energy have been made.
In particular, simulations of the experimental KES at differ-
ent laboratory angles by using the EQM, SQM, and QCT
state-to-state DCSs have been carried out. Furthermore, the
theoretical study has been extended to the lower collision
energy Ec=0.1 eV to investigate possible changes in the dy-
namical mechanisms governing the reaction.

The paper is structured as follows: in Sec. II, details on
the different computational methods are briefly described. In
Sec. III, a concise description of the experiment is given.
Finally, results are commented and discussed in Secs. IV and
V; the concluding remarks are shown in Sec. VI.

II. THEORY

A. Time independent exact quantum method

We have carried out EQM calculations using a TI
method based on body-frame hyperspherical democratic co-
ordinates. This method was presented in detail in Ref. 35 and

has already been used for the isotopic variant H++H2.21 This
method has also previously proved successful in describing
the quantum dynamics of atom-diatom insertion reactions,
such as N�2D�+H2,36 and ultracold alkali-dialkali
collisions.37 Thus, a brief summary will suffice here. At each
hyper-radius, the scattering wave function is expanded on a
set of hyperspherical adiabatic states of a reference Hamil-
tonian H=T+V, which incorporates the kinetic energy T
arising from deformation at fixed hyper-radius and the poten-
tial energy V. The expansion coefficients are the solution of a
set of coupled second-order differential equations, which are
solved using the Johnson-Manolopoulos log-derivative
propagator.38 In this work, for the total angular momentum
J=0,211 states dissociate at large hyper-radius into the D2

�28,26,24,22,20,16,14,10,6� rovibrational set �this notation
indicates the largest rotational level j for each vibrational
manifold v=0,1 , . . . ,8� and the HD �23,21,19,16,14,11,8�
rovibrational set. Propagation goes from 0.5a0 up to the
asymptotic matching distance of 16a0, where the S matrix is
extracted. When computing J�0 partial waves, we have
considered the ��� components from 0 to 28 in the close-
coupling expansion to obtain accurate integral and differen-
tial cross sections. Thus, the number of coupled equations
increases from 211 for J=0 to 2211 for J�28.

B. Quantum wave packet method

Exact QWP calculations in this system are extremely
difficult because of the presence of many long lived reso-
nances and the necessity of including many helicity compo-
nents to obtain converged results.20,21 TI calculations are by
far more efficient when only few collision energies are of
interest. Nevertheless, approximate QWP calculations are
performed here to bring some help to elucidate the complex
dynamics of the title reaction. The adiabatic centrifugal sud-
den �ACS� approximation used in the present work consists
in considering a single helicity projection, replacing the cen-
trifugal barrier by the lower possible one for a given total
angular momentum J and a rotational state j of the D2

reactant.20,21 Such approach allows to describe correctly the
reaction threshold at moderate J values20,21 at the same com-
putational cost required for a J=0 calculation. In any treat-
ment in which the helicity components for a particular Jacobi
coordinate set are restricted to a finite value, the equivalence
among symmetric rearrangement channels is broken. Using
the ACS approach this symmetry is warranted.

The QWP approach within the ACS method �called sim-
ply QWP, hereafter� has been described previously,20 and
only some relevant details are given here. The wave packet
corresponding to a single effective helicity component is rep-
resented in numerical grids of the internal reactant Jacobi
coordinates formed by 512�640�80 for r, R, and �, re-
spectively. The equispaced radial points are considered in the
intervals 0.3�r�25 Å and 0.01�R�17.5 Å while for �,
Gauss-Legendre quadrature points are used within the
�0,	 /2� interval, to account for the D2 permutation symme-
try. Finally, to avoid artificial reflections at the end of the
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radial grids, the wave packet is multiplied by absorbing func-
tions for r�21 Å and R�13.5 Å, as described previously.20

A modified Chebyshev propagator is used to propagate a real
wave packet.39–44 The initial real wave packet consists of the
product of the rovibrational state of the reactant, H2�v=0, j
=0� in the present case, times the real part of an incoming
Gaussian function.44

Total reaction probabilities are obtained by the method
of flux for J=0, 5, 10, 15, 20, 25, 30, 35, 40, and 45 on a
dense energy grid. At intermediate J’s, the total reaction
probabilities are obtained by weighted interpolation, using
the calculated reaction probabilities, PJ�Ec�, and a modified
J-shift approach.

State-to-state reaction probabilities are calculated in the
QWP approach with a method previously described using
reactant Jacobi coordinates.45 The choice of reactant Jacobi
coordinates is made for two reasons. First, it allows an easy
description of the D2 permutation symmetry. Second, a
single helicity component ��=0 for initial j=0 considered in
this case� is well suited to describe the entrance channel for
any J value, whereas this would not be the case when using
product Jacobi coordinates.45 The method used to extract the
state-to-state probabilities consists in transforming the wave
packet to product Jacobi coordinates at each iteration. The
transformation is performed in several steps using option A
of Ref. 45, thus reducing significantly the computational ef-
fort. Moreover, the flux for each HD�v� , j�� state is analyzed
at only two R� values ��15 Å� of product Jacobi coordi-
nates. The transformation procedure takes then a negligible
computational cost as compared to that of the propagation.
However, for a proper description of the product states, the
grids used are considerably larger than those required to cal-
culate only total reaction probabilities.

High values of J require special attention because the
rotational barriers are not negligible at the product Jacobi
distance R�=15 Å. Therefore, the typical exponential
asymptotic behavior cannot be assumed, as it is done in the
method of Balint-Kurti et al.,46 as described in Ref. 45. In-
stead, the flux is analyzed here using two distances. Also, the
flux towards all �� channels should be included to get con-
vergence and due to some peculiarities of the ACS approach.
The convergence is checked by comparing with the total re-
action probability obtained with the method of flux in reac-
tant Jacobi coordinates. Because of the high density of reso-
nances, the reaction probabilities vary a lot with energy and
the error may be relatively large �below 10%� at some nar-
row peaks, but in average it is always better than 1%.

The state-to-state probabilities were calculated at the J
values mentioned above. An interpolation procedure, as that
used for total reaction probabilities, is done for intermediate
J values. Because the dense manifold of resonances are
present at all J’s, the phase of the SJ matrix elements are
expected to vary fast, thus eliminating the interference ef-
fects. For this reason, the random phase approximation is
used to obtain the state-to-state DCS as


vj→v�j��E,�� �
1

kvj
�

�=−j

j

�
��=−j�

j�

�
J=min��,���

��2J + 1�

�d���
J ����2�Svj,v�j�

J �E��2, �1�

where d���
J ��� is a reduced rotation matrix47 and kvj

=	2��E−Evj� /�, with � being the atom-diatom reduced
mass.

C. Statistical quantum method

The SQM developed by Manolopoulos and
co-workers27,28 has been employed to study the dynamics of
the title reaction. The method is conceived to treat insertion
reactions which proceed via the formation of an intermediate
complex. It has been largely used in the past and compari-
sons with both EQM and experimental results has proved it
to be an adequate approach for complex-forming reactions.48

The method treats the formation and subsequent fragmenta-
tion of the intermediate species separately and the state-to-
state reaction probability, at specific value of J and the QM
parity eigenvalue I, Pif

IJ�Ec�, is calculated as the product of
the individual capture probability for the complex to be
formed from the initial state i and the fraction of collision
complexes which decay to the final state f . In order to avoid
previous deficiencies found at the state-to-state level21,29 for
the H++H2 reaction, we have employed in this study the CC
version of the SQM, in which no CS approximation is as-
sumed for calculating the corresponding capture probabilities
in the reactant and product channels. The calculation in-
cludes explicitly both product HD+D+ arrangements.

The method only produces values for the state-to-state
reaction probability �the square modulus of the scattering
matrix SJ�E�� and therefore, the calculation of DCSs requires
the application of the random phase approximation, as men-
tioned in Sec. II B, which neglects interference effects be-
tween different values of J and I in the exact expression of
the DCS.28 The value of the capture radii defining the region
in which the intermediate complex is assumed to be formed
is 3a0 in Jacobi mass-scaled coordinates for both arrange-
ments, and all initial and final rovibrational states energeti-
cally open at 1.1 eV total energy were considered in the cal-
culation.

D. Quasiclassical trajectory method

QCT calculations have been performed for the title reac-
tion at the two fixed collision energies of 0.1 and 0.524 eV
by running batches of 2�105 trajectories at each energy fol-
lowing the procedures described in detail elsewhere.49

The integration step size in the trajectories was chosen to
be 5�10−17 s. This guarantees a total energy conservation
better than one part in 104 and conservation of total angular
momentum better than one part in 106. The trajectories were
started at a distance between the incoming atom and the cen-
ter of mass of the diatomic of 17 Å, given the long-range
interaction in the entrance channel of the potential surface.

The rovibrational energies of the HD product molecules
were calculated by semiclassical quantization of the action
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using the potential given by the asymptotic diatom limits of
the PES. These rovibrational energies were fitted to Dunham
expansions containing 20 terms �fourth power in v+1 /2 and
third power in j�j+1��. The assignment of product quantum
numbers �v� , j�� was carried out by equating the classical
rotational angular momentum of the product molecule to
�j��j�+1��1/2�. With the �real� j� value so obtained, the vi-
brational quantum number v� was found by equating the in-
ternal energy of the outgoing molecule to the corresponding
Dunham expansion. In the most common procedure, these
real v� and j� values are rounded to the nearest integer, in
what is named the histogramatic binning method. As in pre-
vious works,50,51 we have used a Gaussian-weighted binning
�GWB�52 procedure, in which a Gaussian function centered
at the quantal action and with a given width has been used to
weigh the trajectories following the criteria that the closer
the vibrational action of a given trajectory to the nearest
integer, the larger the weighting coefficient for that trajec-
tory. In particular, in the present work we have used a full
width at half maximum for the Gaussian functions of 0.1 at
0.524 eV collision energy, whereas a value of 0.02 had to be
used at 0.1 eV collision energy for a better agreement with
the EQM results.

Using the GWB procedure, DCSs were calculated at the
two collision energies for every rovibrational state of the HD
product molecule by the method of moments expansion in
Legendre polynomials. The Smirnov-Kolmogorov test was
used to decide when to truncate the series. Significance lev-
els higher than 99% could be achieved by using eight to 16
moments, depending on the number of reactive trajectories
available, ensuring good convergence, such that the inclusion
of more terms did not produce any significant change.

The collision energy evolution of the reaction probability
at different values of the total angular momentum J=0, 10,
20, 30, and 40, PJ�Ec�, for the title reaction have been cal-
culated by running batches of 105 trajectories for each value
of J in the collision energy range 0.005–1.6 eV as described
in Ref. 49 using the expression

b =
�

�vr
�J�J + 1��1/2, �2�

where b is the impact parameter of the trajectories and � and
vr are the HD2

+ reduced mass and relative velocity, respec-
tively. The calculation of the vibrationally state-resolved re-
action probabilities for J=0 has been performed by the
method of moments expansion in Legendre polynomials and
employing the GWB procedure commented on above to as-
sign final vibrational states. The integration step size and the
initial distance between the incoming atom and the center of
mass of the diatomic were the same as in the batches at fixed
collision energy mentioned above.

III. EXPERIMENT

A. Apparatus

The measurements presented in this paper correspond to
a previously reported study2 and only a brief outline of the
experiment will be given here. The experiment was carried
out using the apparatus described in detail in Ref. 53 modi-

fied to measure the state-resolved reaction of Rydberg H at-
oms �denoted H*� with deuterium molecules: H*+D2

→HD+D*. As already mentioned in the Introduction sec-
tion, this experiment and a similar study have recently shown
that this reaction with Rydberg atoms is equivalent to the
corresponding H++D2→HD+D+ ion-molecule reaction.1–3

This similarity has its origin in the large and slow orbit of the
Rydberg electron which acts as a spectator while the ion-
molecule reaction takes place. Additionally, the Rydberg
electron shields the charge of the ion so that the ion-molecule
reaction can be measured without adverse space-charge ef-
fects found in ion-beam experiments.

The experiment followed a crossed beams approach
where Rydberg H* atoms collide at right angle with a pulsed
molecular beam of para-D2 adiabatically cooled to the
ground rotational state �j=0�. Fast H atoms were generated
from the photodissociation of HI in a second pulsed molecu-
lar beam �parallel to the D2 beam� with linearly polarized
266 nm light. Prior to collision, the H atoms were excited
into the n=36 Rydberg level by resonant two photon excita-
tion using laser light of 121.6 and 365.8 nm. The experimen-
tal collision energy was determined by a Monte Carlo simu-
lation of the experiment �see below� to be Ec

=0.529±0.002 eV. Both reactively and nonreactively scat-
tered Rydberg atoms, D* and H*, respectively, were detected
using a particle detector rotatable in the plane of the molecu-
lar beams. Note that the detection method was only sensitive
to Rydberg atoms �for details see Ref. 2�. The time-of-flight
�TOF� spectra of the Rydberg atoms were measured at dif-
ferent laboratory scattering angles �0° corresponds to the di-
rection of the incident H* beam� and were converted into
KES in the laboratory frame.

B. Simulation of laboratory kinetic energy spectra

In order to assess the performance of the different theo-
retical DCSs against the experimental data, a Monte Carlo
simulation of the experiment was performed using each set
of DCSs as an input. As only reactive DCSs are available
only reactive collisions were simulated �see discussion of the
spectra below�. The simulation follows the paths of the HI
molecule from the nozzle to the dissociation point, of the H
atom from the dissociation to the collision with the deute-
rium molecule and of the product D* atom from the collision
to the detector. The parameters of the simulation are the size,
densities, and speed distributions of the molecular beams, the
pulse intensities �beam and temporal profiles� and linewidths
of the laser beams, the relative timing between the dissocia-
tion and excitation laser pulses, and the geometry and the
position of the detector. A key aspect of the simulation is the
Rydberg excitation of the H atoms. A 3-level population dy-
namics calculation is performed for each H atom to evaluate
the probability of excitation to a Rydberg level. The relative
populations of the 1s, 2p, and 36d levels are evaluated by
factoring the Einstein coefficients and the laser field intensity
experienced by each atom as it travels in and out of the
excitation lasers’ paths. In practice, the excitation takes place
in a small electric field which mixes the l and ml sublevels of
the Rydberg state leading to long lived Rydberg atoms. Our
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simulation neglects the detailed dynamics of the l mixing
process. This is justified by the very long lifetime of the 36d
level which is dominated by the spontaneous decay to the 2p
level. With respect to the simulation, the 36d population does
not significantly change during the flight of the H* atom
from the excitation to the collision point.

For each collision the Newton diagram is constructed
from which the laboratory speed and consequently the TOF
of the product D* Rydberg atom to the detector is deter-
mined. The Monte Carlo simulation builds up each TOF
spectrum by taking into account all the common weighting
factors describing the effects of the molecular beams, the
laser beam intensities, and the geometry of the experiment as
listed above. For each product quantum state, the theoretical
DCS is transformed from the center of mass �CM� into the
laboratory frame using the corresponding Jacobi factor and
used as the final weighting factor when adding the contribu-
tion of the individual collision to the TOF spectrum. Finally,
the simulated TOF spectra are converted into laboratory KES
and compared to the experimental spectra as shown below.

Recently, Hayes and Skodje performed a theoretical
study of the dynamics of the Rydberg electron in the H*

+D2→HD+D* reaction4 in order to investigate deviations
of the quasiclassical DCSs from the experimental results by
Song et al.3 They examined the effect of �i� the impulse
imparted on the Rydberg electron by the ion-molecule colli-
sion, �ii� the deexcitation of the Rydberg electron by sponta-
neous emission, and �iii� the ionization of the Rydberg elec-
tron by the small electric field present in the experiment. All
three effects lead to a small, scattering angle dependent at-
tenuation of the Rydberg atom signal in the TOF measure-
ments. In the context of the simulations presented here, these
attenuations are negligible, in particular, because the CM
scattering angles do not change significantly in each KES.

However, the change of momentum of the ion due to the
�reactive� collision will change the motion of the frame of
reference for the Rydberg electron. Thus, the impulse im-
parted via the Coulomb interaction onto the Rydberg electron
can change its Rydberg state, leading to a distribution of
product Rydberg levels.4 This change of the energy of the
Rydberg electron will lead to an additional spread of the
products’ kinetic energies which is not accounted for by our
simulations. Indeed, the peaks in our simulated KES are no-
ticeably narrower than found experimentally.

In order to facilitate a better comparison between theory
and experiment each KES is simulated as follows: �i� the
experimental energy scale is stretched and shifted to account
for uncertainties in the exact length of the flight paths; �ii�
each peak in a KES is simulated by a Lorentzian profile with
the area determined by the Monte Carlo simulation but using
the experimental peak width.

IV. RESULTS

In this section we present the results of our study on the
title reaction. We start with an analysis of the reaction prob-
abilities as a function of collision energy obtained by means
of the theoretical methods described in Sec. II. Total and
vibrationally resolved probabilities at zero total angular mo-

mentum �J=0� are completed with the J=10, 20, 30, and 40
cases. We also include a particularly detailed investigation of
the dynamics of the H++D2�v=0, j=0�→HD+D+ reaction
at 0.524 eV collision energy. Besides the total reaction prob-
ability, calculations of the corresponding ICSs and DCSs at
that specific collision energy have been performed. The the-
oretical predictions are extensively compared with existing
experimental work on the reaction. In particular, we present
comparisons of simulated KES with those obtained in the
experiment.2 The analysis is finally extended to the lower
collision energy Ec=0.1 eV, in order to investigate if pos-
sible changes in the main reaction mechanism of the title
reaction are appreciated.

A. Reaction probabilities as a function of collision
energy

The total and vibrationally resolved reaction probabili-
ties for J=0 calculated up to 1.3 eV collision energy are
shown in Fig. 1. Results obtained by means of the EQM,
QWP, SQM, and QCT approaches are compared. The EQM
and QWP probabilities exhibit very dense large amplitude
oscillations related with the existence of a large number of
resonant states, which, as in the case of the corresponding
H++H2 isotopic variant, are due to the deep potential well. In
fact, we only present the QWP result up to Ec=0.75 eV, in

FIG. 1. �Color� Total and vibrationally state resolved reaction probabilities
as a function of collision energy, at zero total angular momentum, PJ=0�Ec�,
for the H++D2�v=0, j=0�→HD�v��+D+ reaction calculated by means of
the EQM �gray solid line�, QWP �red dashed line�, SQM �blue dotted line�,
and QCT �solid line� approaches.
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order to facilitate the pictorial comparison in the figure.
There is no full agreement in the precise position of the
numerous resonance peaks in the two sets of data. In this
regard, it is worth mentioning that the precise location of
each resonance, some of them corresponding to very high
excitations, may depend on the coordinate representation
employed in the calculation, complicating therefore the
achievement of a similar degree of convergence. Neverthe-
less, both exact quantal results show a very similar behavior
and clearly indicate a process mediated by very narrow reso-
nances.

This dynamical scenario is consistent with the fairly
good average description provided by the SQM and QCT
approaches within the energy range under study. The present
result confirms previous findings for ion-diatom reactions be-
tween different isotopes of H, in which reaction probabilities
for J=0 have been successfully reproduced by statistical
procedures.13,16,20,21 The QCT results seem to differ slightly
only from such an average agreement with the exact prob-
abilities in the thresholds for the different processes shown in
Fig. 1. Apart from that, the classical probability, specially in
the case of reactions leading to HD�v�=1,2� fragments �bot-
tom panels of Fig. 1�, is almost indistinguishable from the
SQM prediction.

Differences among the theoretical predictions start to
manifest when we focus on the reaction at J�0. As shown in
Fig. 2, the comparison of the QWP, QCT, and SQM reaction
probabilities at J=10, 20, 30, and 40 reveals that both QWP
and QCT approaches predict a significant faster reduction on
the total reactivity when the total angular momentum in-
creases with respect to the SQM result. Thus, despite the
good agreement found at J=10 between the three methods,
both QWP and SQM yield sensibly different results at the
larger total angular momenta shown in the figure. In fact, the
QCT probabilities, smaller in all cases than the SQM, seem
to be in a better overall average agreement with the QWP
result. Moreover, the classical reaction thresholds for the J
�0 cases are in better agreement with the corresponding
quantal values than at J=0. These discrepancies between the
QWP and SQM approaches were first observed in previous
studies on both the title20 and H++H2 �Ref. 21� reactions.
Interestingly, as shown in Fig. 2, the EQM reaction prob-
abilities calculated in the vicinity of Ec=0.524 eV at J=40
�see inset� are in good general accord with the statistical
results and, thus, we can conclude that the SQM approach is
giving an acceptable picture of the reaction at such large
values of J.

B. Dynamics at 0.524 eV collision energy

1. Opacity function

One of the collision energies which has been investi-
gated in detail in the present work is Ec=0.524 eV. Figure 3
shows the reaction probability as a function of the total an-
gular momentum J, i.e., the opacity function, calculated at
this specific collision energy by means of the EQM, QWP,
QCT, and SQM approaches.

An interesting feature manifested in the figure is that at
low J values �J�20�, all methods predict reaction probabili-

ties in an overall good agreement. Both EQM and QWP
results exhibit an oscillatory behavior in terms of J, as a
result of the large number of existing resonances in the reac-
tion, which seems to be even in phase for the lowest values
of J �J�10�. The QCT and SQM approaches provide an
average description of the exact and wave packet probabili-
ties in this range of J’s.

The comparison between the EQM and QWP probabili-
ties resembles some of the previous findings for the H+

+H2 reaction.21 There is also in this case a sudden fall of the
QWP probabilities beyond J�35. In fact, the disagreement
with the EQM calculations for J=40 around the vicinity of

FIG. 2. Total reaction probabilities as a function of collision energy, at J
=10, 20, 30, and 40, for the H++D2�v=0, j=0�→HD�v��+D+ reaction cal-
culated by means of the QWP �grey solid line�, SQM �dashed line�, and
QCT �solid line� approaches. For J=40, the inset shows the comparison of
these three methods with the EQM probabilities �dark gray line� calculated
around 0.524 eV collision energy.
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Ec=0.524 eV shown in the bottom panel of Fig. 2 indicates
that the discrepancies manifested at large values of J dis-
played in Fig. 3 are not accidental. Since the QWP approach
gives account for the correct energy threshold, the rotational
barrier for the initial D2�v=0, j=0� state seems to be reason-
ably well described. Therefore, the disagreement might have
its origin in the exit of the products after the complex is
formed. It seems that the present QWP approach is not able
to reproduce appropriately the density of resonances effec-
tively coupled to the HD�v� , j�� product states. Such failure
of the QWP approach is attributed to the strong limitation
introduced by considering a single helicity component,
which is noticeable, at least at Ec=0.524 eV, for J�35.

The description of the reaction probability provided by
the SQM approach is reasonably good in comparison with
the EQM result. The statistical prediction correctly describes
the behavior of the EQM opacity function at the final values
of J. The agreement between both approaches at this colli-
sion energy is consistent with the situation shown in Fig. 2,
where the SQM method describes on average the EQM re-
action probabilities at J=40 within the energy range around
Ec=0.524 eV. It is true nevertheless that the statistical results
remain slightly over the exact probabilities, agreeing mainly
with the maximum peaks of the oscillations in the EQM
opacity function. This certainly differs with the correspond-
ing comparison carried out for the H++H2 reaction, where
the SQM probability curve was perfectly describing, on av-
erage, the oscillating EQM results �see Fig. 10 in Ref. 21�.

At J�20 the QCT curve starts to underestimate the
EQM probabilities. This feature, which was also observed
for the H++H2�v=0, j=0� reaction at Ec=0.44 eV,21 seems
to be related to the existence of a large number of trajectories
which despite to reach the region of the potential well and to
be trapped for some finite time ��500 fs� are, however,
directed back to the reactant arrangement. Moreover, the
number of such trajectories increases with J. In other words,
the intermediate complex gains a considerable amount of
rotational energy to finally fragment again into the reactants.
In this sense, the failure of both the QCT and QWP ap-

proaches to provide the correct opacity function could be
connected to deficiencies to describe the precise way trajec-
tories and wave packets abandon the potential well region
once they get trapped inside. On the other hand, an estima-
tion of the reaction probability by using exclusively the re-
active trajectories which end in the product fragments after
spending a considerable period of time in the potential well
region yields an opacity function in close similarity to the
SQM prediction. In this sense, the SQCT approach29,30 pro-
duces reaction probabilities in perfect accord with the present
SQM results, which indicates that the observed deficiencies
of the QCT approach should not be attributed only to the
existence of purely QM effects.

2. Integral cross sections

Product rotational distributions have been calculated at
this collision energy. Figure 4 shows the comparison among
the final rotationally state-resolved ICSs for the title reaction
as predicted by the different theoretical approaches used in
the present work. The reaction channel for the formation of
vibrationally excited HD�v�=1� is accessible at this collision
energy, but only rotational states up to j�=2 are populated.
As can be seen, the EQM HD�v�=0� rotational distribution
shows a closely statistical profile, with a monotonical in-
crease in the population of the HD�v�=0, j�� states, reaching
a maximum value at j�=6 and then decreasing to finally end
at j�=10. It is not surprising then that the SQM calculation
provides a reasonably good counterpart for the EQM rota-
tional distribution. Interestingly, the EQM cross section does
not exhibit the markedly oscillatory behavior with j� found
for the H++H2 reaction.21 The QCT ICSs, which are clearly
below the EQM and SQM ones, do not match any of the
EQM values for j��8 states. In this sense, a scaling of the
QCT results to the EQM ones shows that the shape of the
QCT distribution is not very far from those of the EQM and
SQM. The QWP rotational distribution manifests a nearly
bimodal behavior, with maxima at j�=2 and j�=6. The

FIG. 3. Opacity function or reaction probability in terms of the total angular
momentum J calculated at 0.524 eV collision energy for the H++D2�v
=0, j=0� reaction by means of the EQM �full squares with solid line�, QWP
�gray full triangles and solid line�, SQM �empty circles and dashed line�,
and QCT �solid line� approaches.

FIG. 4. Integral cross sections �in Å2� calculated at Ec=0.524 eV for the
H++D2�v=0, j=0�→HD�v�=0, j��+D+ reaction by means of the EQM
�full squares and solid line�, QWP �solid diamonds and dotted line�, SQM
�empty circles and dashed line�, and QCT �empty triangles and solid line�
methodologies.
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agreement with the EQM distribution up to j�=2 is perfect,
but the trend in the rest of rotational states clearly disagrees.
The above mentioned possible deficiencies to describe out-
going wave packets from the potential well region to the
products arrangement can be also affecting specially to those
cases in which the HD diatom is formed in high rotational
states. For such situations, high values of � which are not
included within the ACS approximation of the QWP calcu-
lation are perhaps required.

The comparison is extended, in Table I, to the total and
vibrationally state-resolved ICSs. These results confirm that
reaction proceeds mainly by forming vibrationless HD, and
that the EQM ICSs are partially reproduced by the SQM
method. On the other hand, both QWP and QCT results re-
main well below the EQM calculations.

3. Differential cross sections

As indicated in Sec. I, one of the main incentives of
considering the precise collision energy of 0.524 eV for a
detailed theoretical investigation of the dynamics of the title
reaction is the existence of substantial experimental results to
compare with. In particular, one of the dynamical attributes
which has received a preferential attention in the experiments
by Song et al.3 are the DCSs. Angular distributions in the
CM frame for the H++D2�v=0, j=0� reaction were reported,
even at the state-to-state level, although in a limited angular
range �20° ���140° �.

In Fig. 5, the calculated total DCS for the title reaction
are compared with the measurements reported in Ref. 3. For
this comparison, the experimental value has been scaled to
match with the EQM cross section at the sideways scattering
direction ���90° �. The agreement between EQM and ex-
periment is reasonably good, although the experimental DCS
seems to be somewhat more asymmetric than the EQM one.
Given this choice for scaling between theory and experiment,
the overall agreement around the sideways scattering direc-
tion found between the EQM and SQM DCSs enables the
statistical result to provide a good description of the mea-
sured results. The QCT and QWP angular cross sections,
however, remain below the experimental values for this
range, although the shape of the DCSs is very similar in the
angular range where there is experimental data. This is more
clearly appreciated in the inset of Fig. 5, where theoretical
and experimental DCSs are compared for 20° ���140°,
the angular range for which the measured values are re-
stricted.

No information regarding scattering at the forward and
backward directions is obtained from the experiment. It is,

however, around these particular angular directions where
the different theoretical calculations differ at most. The EQM
DCS is only slightly asymmetric with respect to the sideways
direction, with values of �12.5 and �18.5 Å2 /sr at forward
and backward, respectively. One of the most striking features
of the exact angular distribution is the significant differences
found with respect to the DCS for the H++H2 reaction at
Ec=0.44 eV.21 In that case, the EQM DCS shows a more
marked polarization, with forward-backward peaks about 30
times more intense than the values found at the sideways
direction. This ratio is clearly smaller in the present case.
Interestingly, the SQM method does not describe entirely
well the EQM forward and backward peaks. In fact, the
equally probable DCS obtained by means of the SQM at
those two directions is significantly larger than the exact re-
sult ��24.5 Å2 /sr�. In view of the final-rotational-state-
resolved ICSs examined before �see Fig. 4�, this extra cross
section originated in the SQM predictions for the j�
=3–5,7 ,8 states.

The QWP DCS, which also exhibits the forward-
backward symmetry enforced by the random phase approxi-
mation adopted in Eq. �1�, shows a marked preference for the
scattering at the �=0° and �=180° directions, but clearly
improves the SQM result with respect to EQM, yielding a
value of �18.2 Å2 /sr for both peaks, in good agreement
with the EQM result at the backward direction. This suggests
that the QWP calculation describes well low values of j� and
�=0 �but no high j� and ��. The QCT calculation, as in the
case of the H++H2 reaction,21 fails to account for most of the
forward and backward peaks in the DCS. As it has been
discussed before, those peaks appear on the contrary in the
SQCT result.29,30 The present QCT total DCS is similar54 to
that shown in the work by Song et al.,3 although the PES
used was different. In that work, however, the QCT DCS is
only shown at the limited angular range of the experiment.

DCSs have been further analyzed at a higher detail, and

TABLE I. Total and vibrationally state selected integral cross sections �in
Å2� calculated at 0.524 eV for the H++D2�v=0, j=0� reaction using the
different theoretical methods employed in the present work, i.e., EQM,
QWP, SQM, and QCT.

EQM QWP SQM QCT


tot 18.54 11.63 20.45 10.43

v�=0 18.35 11.25 20.23 10.24

v�=1 0.19 0.38 0.22 0.19

FIG. 5. Total differential cross section �in Å2 /sr� calculated at 0.524 eV
collision energy for the H++D2�v=0, j=0� reaction using the EQM �gray
solid line�, QWP �dotted line�, SQM �dashed line�, and QCT �solid line�
methods. The theoretical DCSs are compared with the experimental results
of Ref. 3, which are shown in full squares and solid line. The experimental
results, restricted to the angular range 20° ���140°, have been scaled to
the EQM DCS at �=90°. The inset shows a magnification of the angular
range between 20° and 140°.
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state-to-state angular distributions have been calculated by
means of the different theoretical methods employed in this
work. Results of such calculations are shown in Fig. 6 and 7
for the HD�v�=0, j�=0–3� and HD�v�=0, j�=4–7� states,
respectively. The comparison with the experimental DCSs of
Song et al.3 are displayed at the insets of each panel, with the
only exception of j�=7 in Fig. 7, for which no measurements
were reported. The experimental DCSs have been scaled to
match the EQM result at the sideways direction for j�=0 and
the same scaling factor has been employed for the rest of
final rotational states. With this scaling, the experimental
DCSs are fairly well described by most of the calculated
angular distributions, with possibly the only exception of the
QCT and the QWP results, which are slightly below the ex-
act DCSs.

The EQM DCSs are highly oscillatory in the entire an-
gular range and exhibit, in general for all j� states, certain
symmetry with respect to the sideways scattering direction.
The degree of polarization, which measures the preference
for the forward-backward directions with respect to ��90°,
is relatively small, with possibly the only exception of j�
=1, in which the backward peak indicates some preference
for the ��180° scattering direction. This result differs from
our previous findings for the H++H2 reaction for which
DCSs for some specific transitions exhibit a dramatic prefer-
ence for either the forward or backward direction �see Fig. 7
of Ref. 21�. Thus, in the present case, the agreement between
the QCT and EQM DCSs at the forward and backward di-
rections at some low j� states �as, for example, j�=0 and
j�=3� is fairly good. The overall comparison between the

FIG. 6. �Color online� Rotationally
state resolved differential cross sec-
tions �in Å2 /sr � calculated at
0.524 eV collision energy for
the H++D2�v=0, j=0�→HD�v�
=0, j�=0–3�+D+ reactions by means
of the EQM �dark solid line�, QWP
�light solid line�, SQM �dashed line�,
and QCT �dotted-dashed line� meth-
ods. As in Fig. 5, the theoretical distri-
butions are compared with the state-
to-state experimental cross sections
reported by Song et al. �Ref. 3�
�shown in solid squares with solid
line�. The insets show a magnification
of the angular range between 20° and
140°.

FIG. 7. �Color online� Same as Figure
6 but for the H++D2�v=0, j=0�
→HD�v�=0, j�=4–6�+D+ reactions.
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results obtained by means of both methods �EQM and QCT�
reveals, nevertheless, that the QCT DCSs are somewhat be-
low the EQM ones and that the agreement tends to improve
as j� increases.

The evolution of the QWP DCSs as j� increases is quite
interesting. Whereas an almost perfect agreement is found
between the wave packet distributions and those obtained by
statistical means at j�=1 and j�=2, the contribution at the
sideways direction observed for the DCSs at larger j� clearly
underestimates both exact and SQM predictions, approach-
ing to the QCT result. As discussed above this might be an
indication of the necessity of a larger number of helicity
numbers in the calculation. At the forward and backward
scattering directions, on the contrary, the QWP DCSs predict
pronounced peaks, in a not bad agreement with the EQM
values. The comparison carried out between the SQM and
EQM DCSs reveals that although the SQM angular distribu-
tions provide, on average, a good description of the overall
dynamics, the peaks at ��0° and ��180° in the EQM
DCSs are not due to an entirely statistical process. The SQM
yields more pronounced peaks at those angular regions, an
overestimation which also extends along the sideways direc-
tion in some cases, as, for example, j�=3 and j�=5.

4. Kinetic energy spectra

The comparison between the experimental KES and the
simulated ones based on the different theoretical DCSs is
shown in Figs. 8 and 9.55 The experimental signal �arbitrary
units� of each spectrum has been scaled to match roughly the
SQM signal for the HD�v�=0, j�=6� quantum state. The
scaling is partly a compromise since the D*+HD�v�=0, j�
=6� reactive signal may be slightly contaminated by H*

+D2�v�=1, j�=4� inelastic signal. Note that the theoretical
curves are not scaled with respect to each other.

In general, sideways scattering ��lab=52° � is simulated
better than backward scattering ��lab=9° �. In particular, the
low rotational product states are significantly overestimated
by the theoretical DCSs in the �lab=9° spectrum, which cor-
responds to an average CM scattering angle of �CM�172°.
Presently, we do not have an explanation for this noticeable
deviation between the experimental and simulated spectra at
this scattering angle.

One might, in principle, say that the experimental spec-
tra are best simulated using the SQM DCSs. The main de-
viation is seen for the high rotational product states �j�
=7,8� where the SQM simulation underestimates the experi-
mental signal in all the spectra. This may be due to the fact
that the experimental collision energy was slightly higher
than that of the theoretical studies. The overall performance
of the QCT simulations is also good. The highly oscillatory
nature of the EQM DCSs, particularly in the backward direc-
tion, can also be seen in the simulations. If the experimental
spectra were rescaled so that parts of each spectrum fits the
EQM simulation the remaining parts would be significantly
over or underestimated. There seems not to be a clear trend
regarding the EQM results.

C. Dynamics at 0.1 eV collision energy

The title reaction has been theoretically studied at the
lower collision energy Ec=0.1 eV. These calculations are
motivated by previous indications of distinct dynamics of the
title reaction depending of the energy range considered. As
discussed in Sec. I, the reaction seems to be governed by a
complex forming mechanism at low collision energies to
gradually shift to a more direct reaction pathway when col-
lision energy increases. If this were the case, our present
analysis at Ec=0.1 eV could reveal characteristic features in
comparison with the results obtained at the larger collision
energy of 0.524 eV.

The opacity function calculated at Ec=0.1 eV is shown
in Fig. 10. The oscillations found at Ec=0.524 eV in the
EQM results are also evident now, and seem even to be
magnified at some ranges of large values of J �as 10�J
�19 and 20�J�27�. At this collision energy, the QCT
opacity function manages to describe the average behavior of
the EQM one at a larger extent than in the case of Ec

FIG. 8. �Color online� Kinetic energy spectra for the �lab=9°, 17°, and 24°
laboratory angles at 0.524 eV collision energy. Experimental results �dark
solid line� and simulations obtained by using the EQM �solid line�, SQM
�dashed line�, QCT �dotted line�, and QWP �light solid line� results. The
position of the different rotational states of reactively scattered HD�v�
=0, j�� and inelastically scattered D2�v�=1, j�� are shown in the bottom of
each panel.
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=0.524 eV. The QCT approach correctly reproduces the
EQM opacity function with the only exception of a limited
number of J values. Analogously, the QWP opacity function
does not show a sudden deviation with respect to the EQM
one beyond a particular J values. Besides, the oscillations are

not in phase with those exhibited by the EQM approach. The
only significant discrepancy with the exact result is that the
average value of the reaction probability for the lowest J’s
�J�7� is about 0.5 in comparison with the corresponding
average value of about 0.35 for the EQM calculation. Inter-
estingly, the SQM opacity function is somewhat overestimat-
ing the exact reaction probabilities. The comparison between
the reaction probabilities obtained by means of both methods
�SQM and EQM� at the largest J values indicates, neverthe-
less, that the EQM opacity function bears some statistical
characteristics.

The ICSs calculated at this collision energy listed in
Table II indicate that the preference for the j�=1 state in the
EQM calculations is also manifested in results obtained by
means of the QWP, SQM, and QCT approaches. The SQM
values are, however, slightly larger than the EQM ones and
the QCT distribution, quite similar to the QWP result, differs
from the exact ICSs in the underestimated population of j�
=1 and the nonzero cross section found for j�=3, which is
not accessible quantum mechanically at this collision energy.
The total ICSs indicate that the excess in reactivity in the
SQM calculation with respect to the EQM value ��24% � is
larger than at the higher collision energy Ec=0.524 eV
��10% �. The QCT ICS, on the other hand, as in the other
energy under study, is smaller ��34% � than the EQM value,
but the comparison certainly improves the disagreement
found at Ec=0.524 eV ��44% �. Analogously, the value ob-
tained with the QWP approach, also below the exact ICS,
represents a significant improvement ��23% � in the com-
parison with the EQM result with respect the observed val-
ues at Ec=0.524 eV �the QWP ICS is �37% smaller than the
exact result at that energy�.

Despite the above mentioned discrepancies between the
exact and statistical values of the ICSs, the comparison be-
tween the corresponding DCSs, shown in Fig. 11, reveals
interesting features. The peaks at the forward and backward
scattering directions in the EQM DCSs at 0.1 eV collision
energy are more pronounced than those found at the higher
collision energy considered in Sec. IV B 3. Moreover, the
degree of asymmetry with respect to the sideways direction
is also larger than in the previous case. Despite this fact, the
SQM result reproduces perfectly the EQM value in the back-
ward direction, although it does not give a good account for
the dramatic preference for forward direction in the EQM
case. The QCT and QWP approaches also fail to describe the
extreme behavior observed in the EQM DCS.

The analysis of the calculated state-to-state DCSs,

FIG. 9. �Color online� Same as Fig. 8 but for �lab=32°, 42°, and 52°.

FIG. 10. Opacity function or reaction probability in terms of the total an-
gular momentum J calculated at 0.1 eV collision energy for the H++D2�v
=0, j=0� reaction by means of the EQM �full squares with solid line�, QWP
�gray full triangles and solid line�, SQM �empty circles and dashed line�,
and QCT �solid line� approaches.

TABLE II. Total and vibrationally state selected integral cross sections �in
Å2� calculated at 0.1 eV for the H++D2�v=0, j=0� reaction using the dif-
ferent theoretical methods employed in the present work, i.e., EQM, QWP,
SQM, and QCT.

EQM QWP SQM QCT


v�=0,j�=0 6.24 3.86 8.57 1.83

v�=0,j�=1 10.61 8.84 11.92 7.08

v�=0,j�=2 6.74 5.52 8.77 5.86


�=0,j�=3 0 0 0 0.74

v�=0 23.60 18.22 29.25 15.51
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shown in Fig. 12, reveals that most of the behavior found for
the total DCS at Ec=0.1 eV is due to the H++D2�v=0, j
=0�→HD�v�=0, j�=0�+D+ reaction. Thus, the EQM DCS
for j�=0 exhibits most of the basic features of the total DCS
and the discrepancies among the different theoretical ap-
proaches remain as well for this specific transition. From the
inset of the top panel of Fig. 12, where the DCSs around the
backward direction is magnified, the most important dis-
agreements between the QCT and QWP DCS and those ob-
tained with the EQM and SQM methods are clear. For the
two other final states, j�=1 and 2, the agreement among the
different theoretical approaches is better.

V. DISCUSSION

As already mentioned in Sec. I, the ion-diatom reactive
collisions in the H3

+ system, and its corresponding isotopic
variants, are thought to occur via a complex-forming mecha-
nism at low collision energies, whereas a direct reaction
mechanism may play some role as collision energy
increases.6–9,11,26 It is hard to extract definitive conclusions in
this sense from the present calculations at Ec=0.1 and
0.524 eV. The EQM results indicate that oscillations in the
total reaction probability at both energies are similar. In ad-
dition, the degree of asymmetry observed in the correspond-
ing DCSs is analogous ��1.55 at 0.1 eV and �1.2 at
0.524 eV�. Therefore, a not very different behavior is found
at these two collision energies.

An indication of the existence of a transition in the re-
action mechanism as a function of energy for the title reac-
tion would be a distinct performance of the statistical ap-
proach to describe the main features observed in the exact
results. In this sense, it is true that the SQM DCS seems to
give a better description of the EQM DCS at the lower col-
lision energy. Whereas at 0.1 eV collision energy, both side-
ways and the peak at the backward scattering direction of the
EQM DCS are clearly well reproduced by the SQM method,
the forward and backward peaks of the DCS at Ec

=0.524 eV are manifestly overestimated. However, the SQM
value for the total ICS at the higher energy differs less from
the exact result than in the case of Ec=0.1 eV.

The issue itself of whether or not the reaction can be
well described by statistical means deserves some discus-
sion. In general, the present study indicates that the SQM
method manages to account for most of the main aspects
reflected in the EQM results. For instance, the statistical pre-
diction clearly constitutes the average of reaction probabili-
ties examined at J=0. In view of the EQM vs SQM com-
parison at J=40 in the vicinity of Ec=0.524 eV, it is likely
that the agreement with the exact opacity function might
improve at slightly different collision energies. Statistical
and exact rotationally resolved ICSs are also in fairly good
agreement. In the case of the QCT treatments, the failure of
the traditional approach is remarkably well solved when the
SQCT method is applied, leaving then no room to invoke
only purely QM effects as a reason for the observed discrep-
ancies between the QCT and EQM results.

At this stage we do not have a complete answer for the
behavior of the reactivity as described by means of the QWP
and QCT methods for large values of J. The remarkable
thing is that both methods exhibit analogous failures despite
the fact that rotational barriers are treated differently in each
case: the QWP method, according with the ACS approxima-
tion simply considers a single helicity channel �that leading
to the minimum barrier for given values if J and j� in con-
trast with the classical treatment given within the QCT ap-
proach. In the case of the wave packet calculation, it has
been found that the description of the formation of rotation-
ally excited HD�v�=0, j�� product molecules with j��2
seems not to be dynamically correct. As mentioned in the
previous section, it might be related to the ACS approxima-
tion employed in the present study, which favors the ener-

FIG. 11. Total differential cross section �in Å2 /sr� calculated at 0.1 eV
collision energy for the H++D2�v=0, j=0� reaction using the EQM �grey
solid line�, QWP �dashed-dotted line�, SQM �dashed line�, and QCT �solid
line� methods.

FIG. 12. Rotationally state resolved differential cross sections �in Å2 /sr�
calculated at 0.1 eV collision energy for the H++D2�v=0, j=0�→HD�v�
=0, j�=0–3�+D+ reactions by means of the EQM �grey solid line�, QWP
�dashed-dotted line�, SQM �dashed line�, and QCT �solid line� methods. The
inset in the top panel shows a magnification of the backward region for the
reaction yielding HD�v�=0, j�=0�.
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getically lowest �� to form products. For the QCT approach,
it is not easy to understand the reason why trajectories which
get trapped at some point in the potential well region sud-
denly leave the complex-forming region back to the reagents
when the total angular momentum increases beyond certain
values. One could think that somehow the energy released
onto rotation of the intermediate complex hinders the system
to fragmentate. The different performance of usual QCT ap-
proaches on the title reaction in comparison with statistical
techniques, which has been also subject of previous
studies,29,30,33 may have its origin in possible deficiencies of
the classical �and also the ACS QWP� method to give ac-
count for the density of states at both sides of the rotational
barriers which act as effective bottlenecks to favor the frag-
mentation.

The present study on the H++D2 reaction seems to sug-
gest some interesting isotopic effects in comparison with the
H++H2 analog, which was treated on a previous work.21 For
instance, the extremely oscillating behavior with respect to
the final rotational state found on the ICSs of the H++H2

reaction at Ec=0.44 eV does not appear in the title reaction.
Moreover, the DCSs exhibit, in the present case, a markedly
different aspect, with not such an extreme preference for the
forward and backward scattering directions. In this sense,
such feature was more connected with a statistical dynamics
for the H++H2 reaction, as revealed by the good degree of
agreement found between the EQM and SQM approaches.
For the H++D2 reaction, on the contrary, the preference for
the ��0° and ��180° scattering directions is more appar-
ent at 0.1 eV collision energy. It would be interesting to in-
vestigate further these discrepancies between both reactions
by using a different PES, since an interesting dependence on
both the precise collision energy and the surface employed
has been observed. Work in this direction is currently in
progress.

An interesting issue is the comparison with the existing
experimental results on the title reaction. The present study
constitutes, to our knowledge, the first attempt to reproduce
by means of QM approaches the substantial body of experi-
mental results for the H++D2 reactive system. The extensive
theoretical analysis carried out in the present work reveals
that, in general, the agreement with the existing measure-
ments is not bad. Unfortunately, up to now the experiments
have not provided too much information at the vicinity of the
forward and backward scattering directions, which is where
the results of the various theoretical methods differ at most.
Due to this limitation on the angular range resolved by the
experiments, it is difficult to conclude anything regarding the
asymmetry or symmetry of the measured DCS. The EQM
DCS, however, exhibits a slight preference for the backward
direction at Ec=0.524 eV. The favored peak at the other col-
lision energy investigated, 0.1 eV, is on the contrary, the
forward direction.

The simulations performed to obtain the KES indicate
that the present calculations qualitatively describe the experi-
mental findings. Although predictions on the intensities of
the existing peaks in the measured KES from the different
methods do not completely agree, dramatic discrepancies are

not observed. Significant contributions from inelastic pro-
cesses, also present in the measured spectra, jeopardize a
complete quantitave agreement. Surely, new measurements
could elucidate the adequacy of the present results to explain
the dynamics of the process.

VI. CONCLUSIONS

The dynamics of the H++D2�v=0, j=0�→HD+D+ re-
action have been examined in detail by means of a series of
theoretical approaches: a time independent exact quantum
mechanical method, a quantum wave packet approach within
the adiabatic centrifugal sudden approximation, a statistical
quantum model, and a quasiclassical trajectory calculation.
The investigation at 0.1 and 0.524 eV collision energies has
enabled the possibility of probing the transition from a
complex-forming dynamics at a low energy regime and a
direct reaction pathway at high energy. The slightly better
agreement found between the statistical approach with the
exact calculations could be interpreted as indications of such
evolution in the overall reaction mechanism but it is hard to
extract any conclusive evidences in this regard. The failure
of the quasiclassical trajectory method at large values of the
total angular momentum cannot be attributed to tunneling or
similar purely quantum mechanical effects since previous
studies performed with a statistical-based approach which
also makes use of such trajectories are in good agreement
with the exact results. In that sense, the apparent inadequacy
of the approximate quantum wave packet calculation to cor-
rectly describe the dynamics at large J’s is interpreted as due
to the use of the adiabatical centrifugal sudden approxima-
tion.

The comparison between present theoretical findings and
previous measurements reveal a fairly good description of
the experiment, despite the forward and backward scattering
directions in differential cross sections and spectra, the an-
gular regions in which discrepancies among predictions by
the different approaches are more significant, are not well
described in the experimental data. The simulations of the
kinetic energy spectra indicate that all methods yield a rea-
sonable qualitative description of the existing experimental
data.
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